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Abstract
In this chapter, two techniques have been proposed for grain refinement in Cu‐Cr and 
Cu‐Fe alloys in different heat treatment conditions. First method, known as rolling with 
cyclic movement of rolls (RCMR), is appropriate for the manufacturing of ultrafine 
grained sheets and plates. The second method is called compression with oscillatory tor‐
sion (COT). Structural investigations of alloys were carried out, in particular, using a cold 
field emission gun/scanning electron microscope (FEG/SEM) equipped with an electron 
backscattering diffraction (EBSD) detector and a scanning transmission electron micro‐
scope (STEM). Quantitative studies of the microstructure based on the STEM images 
were performed using the “MET‐ILO” software package. Mechanical properties were 
determined using an MST QTest/10 instrument equipped with digital image correlation 
(DIC). Based on the SEM and STEM observations, it has been shown that the alloys may 
exhibit a refinement of the ultra fine grained (UFG) structure in the 200–500 nm range 
with a mixture of low‐ and high‐angle boundaries. Although the microstructure was 
refined significantly, the heterogeneity of the microstructure after the application of a 
high total effective strain is observed. Moreover, the low‐angle boundaries formed at the 
early stages do not continuously transform into high‐angle boundaries.
Keywords: SPD, mechanical properties, microstructure, STEM, EBSD
1. Introduction
Severe plastic deformation (SPD) is a metal forming process used to introduce ultra‐high 
plastic strains into a bulk metal in order to refine the grain structure of metallic materials to 
the submicrometer (100–1000 nm) or even nanometer (less than 100 nm) range. A finer grain 
size increases the hardness, the yield stress, and the fracture toughness of the material [1–9]. 
Overall, SPD deformation is recognized as a potential tool for superplastic deformation at 
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lower temperatures and high strain rates [2–5]. While in the conventional metal forming pro‐
cesses, the imposed plastic strain is generally low, SPD imposes an extremely large strain on 
the bulk metal without changing the shape of the metal necessary for chosen techniques [2, 3]. 
Practically, obtaining a large plastic deformation is difficult because in most metal‐forming 
processes the deformation is limited by the failure of either the material or the tool. Considering 
the deformation processing conditions, the heterogeneity in microstructure formation was 
often observed across the bulk specimen depending on the introduced strain [3, 6, 7]. From 
the literature it is known [5–7] that very fine and highly disoriented grain structures obtained 
in different bulk metals and alloys are created as a result of short‐ and long‐range intersecting 
shear bands produced by plastic deformation. Additionally, the local dynamic recovery and 
recrystallization processes [5, 7] also contribute to the grain refinement. Distinct structures are 
either dislocation‐free or with dislocations and fine grains that are highly or weakly disori‐
ented and are obtained during the SPD deformation. The evolution and characterization of the 
new grain/subgrain boundaries appear to be very important for their influence on the mechan‐
ical and functional properties of SPD materials. Additionally, the SPD problem is connected 
with the effect of the strain path on the structure formation, i.e. a broad variety of structures 
that show differences in the grain size, shape, and crystallographic texture [7–9].
The influence of SPD on the microstructure refinement is more complicated when the precipi‐
tation strengthening mechanism of alloys is taken into account. The effect of the secondary 
phase particles on the grain refinement mechanisms during severe deformation processing is 
still topical and has been explored extensively [10–14]. The presence of second phase particles 
is a source of a significant strengthening resulting from the interaction of dislocations. The 
strength of this interaction depends on the chemical composition, size, distribution, and the 
degree of coherence with the matrix. In engineering alloys, the second phase particles may 
take the form of dispersoids, fine precipitates, and large primary particles that may show 
quite different effects on the grain refinement during SPD processing.
Two original methods patented at Silesian University of Technology, Faculty of Materials 
Engineering and Metallurgy in Poland for grain refinement are discussed in this paper: the 
first method is called rolling with cyclic movement of rolls (RCMR) and is appropriate for 
the manufacturing of ultrafine grained sheets and plates. The second method allows large 
deformations and is called compression with oscillatory torsion (COT). This process com‐
bines two deformation methods: (1) the compression process which is effective for obtaining 
high mechanical properties and a microstructure composed of elongated grains with a high 
dislocation density; (2) the torsion process which is effective for obtaining a higher plasticity 
and a microstructure consisting of quite equiaxed subgrains with a small dislocation density 
inside the subgrains. The combination of these methods in a single deformation procedure 
enables the optimization of the microstructure and mechanical properties. COT investiga‐
tions were performed for Cu and Al [14–19] and this method was recognized as an effective 
tool for obtaining ultrafine grains/subgrains with a mixture of low‐ and high‐angle grain 
boundaries.
In this chapter, we demonstrate the effectiveness of COT and RCMR deformation as a tech‐
nique for studying large strain deformation in Cu‐Fe and Cu‐Cr alloys at room temperature.
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Cu‐Cr alloys are used in numerous applications where a combination of excellent mechani‐
cal strength and electrical conductivity is required [20–23]. They can be important materials 
for railway contact wires and electrodes for spot welding. Meanwhile, Cu‐Fe alloys are com‐
monly used as electrical device components such as semiconductor lead frames and electrical 
connectors [24].
The Cu‐Cr and Cu‐Fe alloys belong to the class of precipitation‐hardened alloys, and there‐
fore, the problem of the initial structure (after solution and aging treatment at different 
parameters) is discussed in this paper. The aim of the present research is also extended to 
the evaluation of whether it is possible to obtain smaller grain sizes and, consequently, to 
improve the mechanical properties of the material if the processed materials have different 
initial structures (different states of heat treatment). The obtained results may be useful for 
constructing a complete picture of the structure and properties evolution in these alloys dur‐
ing RCMR and COT processing.
It should be noted that Cu‐Cr and Cu‐Fe alloys were chosen for the present study because 
these alloys are readily produced by SPD techniques at room temperature. This is because 
these alloys belong to the class of face‐centered cubic precipitation hardenable alloys that 
are much more thermally and mechanically stable during the deformation than the pure Cu 
without the structural instabilities such as grain coarsening.
2. Refinement structure of Cu‐Cr and Cu‐Fe alloys by SPD techniques
Annealed high‐purity of Cu exhibits a low strength of nearly 100–200 MPa and attractive 
physical properties such as its high electrical conductivity. The extensive dynamic recovery 
balancing the multiplications and annihilation of the dislocations is the limiting factor for the 
grain refinement in Cu [15, 16].
The introduction of solute atoms in the Cu matrix is the first route for the strengthening of con‐
ventional Cu alloys. The introduction of solute atoms into a solid solution produces an alloy 
that is stronger than the pure Cu due to the differences in the radius, modulus, and valence 
between the Cu matrix and solute atoms [20–24]. On the other hand, the alloying process 
results in the degradation of electrical conductivity. Moreover, after the deformation (SPD), 
the strength evidently increases but the conductivity decreases slightly due to the introduc‐
tion of a large quantity of dislocations by cold deformation. The selection of the optimum 
properties for electrical applications always involves a trade‐off between the mechanical and 
electrical properties. The precipitation effect during age hardening in Cu alloys gives rise to 
a subsequent effect improving the strength and also the electrical properties. The presence of 
precipitations reduces the dislocation mobility and the rate of dynamic recovery in alloys. In 
this case, the dislocations in the deformed Cu cannot be easily annihilated, very often leading 
to nonequilibrium dislocation clustering near the boundaries.
Little data is available in the literature for the Cu‐Cr and Cu‐Fe alloys after the application of 
SPD. The available data for the influence of SPD on the structure and mechanical properties 
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are presented and summarized in Table 1. Examination of the data clearly shows that SPD 
processing was applied for the alloy after casting or quenching. It should be noted that an 
application of SPD deformation for the refinement of the structure of these alloys can produce 
grain sizes in the 100–400 nm range.
3. Materials and experiment
Copper alloys with addition of 0.6 wt% Cr (C18200) and 2 wt% Fe (C19400) were produced 
using induction melting of highly pure components. Figure 1 shows the microstructure of the 
samples after casting with columnar grains. Inside the grains of CuCr0.6 alloy, for example, the 
Cu, Cr, and P elements are homogeneously distributed in the alloy after the casting (Figure 2). 
The ingots with the diameter of 50 mm were hot‐deformed on the rods. Subsequently, the 
rolled bars underwent different heat treatments such as the solution treatment at 1000°C for 
3 h (P state), followed by quenching into iced water and aging at 500°C for 2 h (S1 state), and 
700°C for 24 h (S2 state).The microstructures of the CuCr0.6 and CuFe2 alloys after the solu‐
tion treatment are characterized by the presence of equiaxed grains with heterogeneously 
distributed undissolved large Fe and Cr precipitates [14, 22, 23]. The aging treatment at 500°C 
for 2 h results in the formation of homogeneously distributed coherent precipitates within the 
matrix. As the aging temperature and time are increased, the precipitates lost coherence with 
Material/SPD 
process
Initial state Microstructure Mechanical properties References
Cu‐0.5Cr/ECAP 
route A, ε = 6.4
Solid solution at 
1000°C/0.5 h
Pancake shaped grains with high‐
angle boundaries with thickness of 
100 nm. Many boundaries are curved, 
indicating the presence of high 
internal stress
UTS= 484 MPa Electrical 





Solid solution at 
1025°C/40 min
Pancake‐fragmented structure with 
lamellar boundaries. Grain diameter 
of 0.41 μm. Fraction of HABs0.75
HV0.2 = 150 [21]
Cu‐0.75Cr, HPT, 
ε = 4.8
Solid solution at 
1025°C/2 h
Average grain size‐209 nm, 
dislocation density ρ =38 × 1014 m−2
HV (MPa) = 1740 after 




HPT, 6 GPa, 10 
rev.
Solid solution at 
1025°C/1 h
Homogeneous structure UFG with the 
mean grain size of about 200 nm
UTS = 840 MPa, A = 10% [22]
Cu‐Fe_P ECAP 
route Bc route A
As‐cast alloy Ultrafine grain structure with most 
dislocations found on the grain 
boundaries and the interior of the 
grain showing a lower dislocation 
density. The grains are not far from 
equiaxed, ranging from 50 to larger 
than 200 nm
HV = 166 [24]
Table 1. Effect of SPD deformation on grain size refinement in Cu alloys.
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the matrix and the number of the particles within the matrix decreased (the spacing between 
the particles increased). The measured microstructural parameters of the precipitates are pre‐
sented in Table 2. The samples were mechanically machined for appropriate dimensions for 
RCMR and COT deformation.
Scanning electron microscopy (FEG SEM INSPECT F by FEI equipped with an electron back‐
scattering diffraction (EBSD) detector) was used to characterize the microstructures of the 
deformed alloys. Additionally, a scanning transmission electron microscope (STEM) Hitachi 
HD‐2300A operated at 200 kV was applied for substructure characterization. The quantitative 
a) b)
Figure 1. Microstructure of CuFe2 (a) and CuCr0.6 (b) samples after casting.
Figure 2. Distribution of Cu, Cr, and Pin the CuCr0.6 alloy after casting.
State of material CuCr0.6 CuFe2
d λ d λ
P 0.7 μm 2.5 μm 0.5 μm 4.5 μm
S1 20 nm 60 nm 20 nm 40 nm
S2 270 nm 520 nm 100 nm 200 nm
Table 2. Measured microstructural parameters: d: average particle diameter, λ: average distance between the particles in 
CuCr0.6 and CuFe2 alloys after heat treatment.
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studies of the structure parameters (for example: grain/subgrain and precipitate sizes) based 
on the STEM images were performed using the “MET‐ILO” software package.
The mechanical properties were determined using an MST QTest/10 instrument equipped with 
digital image correlation (DIC). The use of the DIC method is advantageous due to its non‐
contact character and ability to perform high precision strain measurements. A SIGMATEST 
electric conductivity instrument was used to measure the conductivity. Due to the heteroge‐
neity of the plastic deformation in the sample after the COT deformation, structural studies 
and mechanical investigations were performed on the samples extracted at the distance of 0.8 
of the radius in the longitudinal plane section. The heterogeneity of the plastic deformation 
in the RCMR method causes a considerable differentiation of the structure. Microstructural 
observations (SEM) and evaluation of the mechanical properties were performed in the trans‐
verse plane section located at the height of ∼0.8 of the specimen height. Since STEM analysis 
was not possible on the transverse section due to the small dimensions of the sample, STEM 
observations of the thin foils parallel to the rolling plane were performed at the distance of 0.6 
of the specimen height.
Vickers hardness (HV0.2) measurements were carried out using a FM‐310 Future‐Tech hard‐
ness machine with the load of 200 g for 15 s. Microhardness measurements were performed in 
a plane parallel to the compression direction. To accurately describe the heterogeneity occur‐
ring during the COT processing, hardness maps were obtained for the longitudinal sections of 
the samples. The distance between the measuring points was about 0.5 mm, giving approxi‐
mately 200 measurement points used to create the hardness maps.
The mechanical properties were determined using an MST QTest/10 machine equipped with 
digital image correlation (DIC). The tensile tests were performed at room temperature at the 
initial strain rate of 1 × 10−3 s−1. Small tensile specimens with the total length and thickness of 
8.6 and 0.3 mm, respectively, were used to measure the mechanical properties.
4. Production of ultrafine grained structure of CuCr0.6 and CuFe2 alloys 
by RCMR method
Several excellent techniques have been developed for creating tapes and strips products 
including the methods of constrained groove pressing (CGP) and accumulative roll‐bond‐
ing (ARB). According to the reports in the literature [2], the CGP and ARB techniques exhibit 
several advantages over other SPD processes because (1) they do not require forming facili‐
ties with a large load capacity and expensive dies; (2) the amount of the material that can be 
produced is not limited. These methods are appropriate for the manufacturing of nanocrys‐
talline and ultrafine grained sheets and plates. Rolling with cyclic movement of rolls method 
(RCMR) is a severe plastic deformation process that allows large deformations and is based 
on the rolling connected with the movement of the material layers in a direction perpen‐
dicular to the main direction of the rolling. By repeating this procedure, very high strains 
have been introduced into the material and a significant structure refining effect is obtained. 
This original method of deformation has been patented by Silesian University of Technology, 
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Faculty of Materials Engineering and Metallurgy in Poland. Compared to the various other 
SPD methods, the RCMR method exhibits the following advantages: the method is simple 
and can be carried out using conventional testing machines. It is possible to obtain a wide 
range of strain rates and high total effective strain values. RCMR can be applied to large‐scale 
workplaces and thus has the potential for application in industry.
Figure 3 shows the RCMR setup. The rolling mill consists of two working rolls, the power unit, 
and the mechanism for the cyclic movement of the rolls transverse to the rolling direction. 
(The rolling mill without the mechanism for the cyclic movements of rolls is a typical example 
of setup for conventional cold‐rolling.) During RCMR processing, the rolls rotate around an 
axis and, in addition, axial movements of the rolls in opposite directions are realized.
The structure and mechanical properties are found to depend strongly on the imposed total 
effective strain ε
ft
 given by Eqs. (1)–(3):
  ε 
ft




   √ ______ ε hi 2 +  ε ti 2, (1)
  ε 
hi




  ε 
ti
  =  4 · f · A ·  √ 
__________
 ( h i −  h i−1 ) ·  D __2  
  _______________ 
 √ __ 3 · v ·  ( h i−1 +  h i ) 
  (3)
Figure 3. (a) RCMR setup; (b) working rolls; and (c) RCMR scheme.
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Here, εft is the total effective strain, εhi is the strain contributed by the rolling reduction, εti 
is the strain included by the transverse movement of the working rolls, n is the number of 
passes, hi−1, hi are the heights of the sample before and after the unit pass (reduction), and A 
is the amplitude of the cyclic roll movement, v – (%), rolling rate , f – frequency of the trans‐
verse roll movement, D‐ diameter of rolls – here D=100mm
The deformation path can be controlled by changing the proportions of the following param‐
eters: the rolling reduction ε
h
 (%), rolling rate v (rpm), amplitude of the transverse roll move‐
ment A (mm), and frequency of the transverse roll movement f (Hz).
The changes in the rolling forces and torques with the number of passes for the CuCr0.6 alloy 
are presented in Figure 4.
For all passes, the values of the rolling forces and rolling torques are larger for the conventional 
rolling than for RCMR. Examination of the obtained data shows that the additional transverse 
deformation during RCMR has a significant effect, decreasing the processing parameters. The data 




Figure 4. Changes in rolling forces and torques with the number of passes for CuCr0.6 alloy sample (S2 state), (a), (c), (e) 
conventional rolling, (b), (d), (f) RCMR. Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement 
A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz). Legend: red line‐rolling force, black line‐torque, 
green line‐axial force.
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presented in Figure 5. These results show that larger heights are obtained for the rolling samples 
than for the RCMR samples. However, the obtained values are very close to each other.
The changes in the total effective strain as a function of the number of passes during roll‐
ing and RCMR of the CuCr0.6 alloy at selected parameters are presented in Figure 6 while 
Figure 7 presents the obtained results for the dependence of the total effective strain of the 
CuFe2 alloy on the rolling rate. The obtained results show that the rate of the RCMR has 
a significant impact on the value of the total effective strain. Generally, examination of the 
obtained results shows that for the RCMR process, the total effective strain values in each pass 
are different and for RCMR, the values are 3–5 times higher than those obtained for conven‐
tional rolling. This means that the calculated total effective strain values in the RCMR process 
are not constant during subsequent passes. This is due to the heterogeneity in the deformation 
in a volume of the rolled strip and the phenomena occurring at the contact surfaces between 
the working rolls and strips. The obtained results show evidently that in the conventional 
metal forming process such as cold rolling, the imposed plastic strain is generally less than 
about 2.0 (Figure 6). In the RCMR process an extremely large strain is possible to impose 
without additional changes in shape (Figures 5 and 6).
The sample temperature during conventional deformation and RCMR was investigated 
using a thermal imaging camera (Figure 8a and b). The temperature rise was calculated as 
the difference between the maximum of the surface temperature of the rolled sample and the 
ambient temperature (adopted as 24°C) (Figure 8c). It is evident that for the RCMR samples, 
the temperature rise is higher than that for the conventional sample. Increase of the tempera‐
ture during RCMR is due to the additional work done by the plastic deformation resulting 
from the transverse roll movement. The temperature increase during the deformation can 
cause a reduction of the rolling force and rolling torque during the RCMR deformation.
Figure 5. Changes of sample width of CuFe2 (P state) for rolling and RCMR as a function of the number of passes. 
Parameters: rolling rate v = 0.7 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz).
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The examples of the samples after RCMR processing for the rolling rates of 1, 2, and 3 rpm 
are presented in Figure 9 that also shows a characteristic surface that depends on the applied 
parameters and could indicate the heterogeneity in the plastic deformation.
Figure 7. Changes of total effective strain in CuFe2 alloy (P state) for RCMR with number of passes and rolling rate. 
Parameters: amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement 
f = 1 (Hz).
Figure 6. Changes of total effective strain in CuCr0.6 alloy (S2 state) for rolling and RCMR with number of passes. 
Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz).
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The transverse section of the RCMR‐processed samples (Figure 10) exhibits inhomogeneous 
features along the through‐thickness direction. It is clearly observed that unlike the middle, top, 
and bottom regions, the side region of the samples exhibits a near nondeformable structure. 
a) b)
c)
Figure 8. Thermographical images of CuFe2 (S1 state) sample surfaces after four passes obtained for: (a) rolling sample, 
(b) RCMR sample, and (c) changes in the temperature rise for rolling and RCMR with the number of passes. Parameters: 
rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll 
movement f = 1 (Hz).
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The image in Figure 10 also shows that the overall shape of the sample is asymmetric. This is 
attributed to a minor misalignment of the rolls during processing. The region of the deformed 
sample maintains the orientation of the as‐received material (the side area), suggesting a low 
deformation magnitude while a different orientation of the structural features is observed in 
another area, suggesting a high deformation magnitude.
The heterogeneous features observed along the thickness of the samples are attributed to a dif‐
ference in the deformation magnitude and can be easily seen at higher magnification (Figure 11).
STEM investigations confirm the heterogeneity in the refinement structure (Figure 12) with 
the microstructural observations revealing the coexistence of alternating elongated grains 
with a high dislocation density (Figure 12b)and the fine equiaxed grain without internal dis‐
locations (Figure 12a).
Figure 13 shows a color‐coded distribution of the hardness along the half‐transverse sections 
of the CuFe2 alloy sample after RCMR for selected numbers of passes. It is observed that 
significant hardness variations are presented in the sample, with higher hardness values 
observed in the top and bottom areas of the sample where transverse rolling was imposed and 
1mm
30mm
Figure 9. Macrostructure of RCMR samples before deformation and after RCMR with rolling rates of 1, 2, and 3 rpm. 
Characteristic “serrations” on the contact surfaces of the rollers as a result of transverse movement of rolls. Visible effects 





Figure 10. Transverse section of CuFe2 samples after RCMR for (a) S1 and (b) S2 states. Parameters: rolling rate v = 1 (rpm), 
amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), 
number of passes = 6.
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lower hardness values are observed in the central areas. It is important to note that the hardness 






Figure 11. Transverse section of (a) CuCr0.6 sample (P state) after RCMR with parameters: rolling rate v = 0.7 (rpm), 
amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), 
number of passes = 6, (b) CuFe2 sample (S2 state) after RCMR with parameters: rolling rate v = 1 (rpm), amplitude of the 
transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), number of passes = 6.
a) b)
Figure 12. STEM microstructures of CuFe2 (S2 state) sample taken from different areas after RCMR with parameters: 
with parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz), number of passes = 6.
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The measured mechanical parameters for CuFe2 and CuCr0.6 alloys are presented in Table 3 
and it can be seen that solid solution treated CuFe2 and CuCr0.6 alloys that exhibit strain 
hardening, low strength, and high ductility. The best strength properties were obtained for 
the alloy in the S1 + RCMR state while the strength properties obtained for the alloys in the 
P + RCMR and S2 + RCMR states were comparable. The samples after the deformation show 
elongation to fracture (A
c
) values in the 4–7% range and a uniform elongation (A
gt
) of ∼1%. 
These results are in accordance with the STEM observations of the microstructure and con‐
firm that only fine coherent precipitates are active for the blocking of the dislocations. The 
lack of coherent precipitates in the P + RCMR and S2 + RCMR states effectively decreases the 
dislocation generation rate with the large particles.
In general, it should be noted that the SPD‐processed materials generally have very high 
strength and hardness compared with conventional deformed materials. RCMR method 
belongs to cyclic method of deformation and from this point of view the tensile strength of 
materials with ultrafine grains does not become much higher compared with conventional 
process. Evidently, it is observed that tendency of ductility increases in materials deformed 
by RCMR process. This is the effect of structure formation. It is known that the plastic defor‐
mation results in microstructural refinement through formation of a three‐dimensional 
dislocation boundary structure. The dislocation boundaries formed during conventional 
rolling are predominantly rotation boundaries, so that the refinement is not just spatial, but 
a)
b)
Figure 13. Distribution of measured hardness values on the transverse section of samples CuFe2 (P state) for two passes 
(a); and six passes (b). Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and 
frequency of the transverse roll movement f = 1.5 (Hz).
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also crystallographic. During RCMR deformation dislocation mobility is increased as a result 
of temperature increase, for example, thereby enabling the establishment of a fully three‐
dimensional boundary structure. The materials having such a structure are characterized by a 
number of specific properties including significantly higher yield point or ductility than that 
produced by conventional deformation methods as rolling.
The microstructure formation and the influence of the microstructure on the mechanical 
properties in CuFe2 alloy during the RCMR deformation have been well‐documented else‐
where by the author [14]. In these studies, it has been clearly demonstrated that the grain 
refinement process observed on the cross‐section plane is not homogeneous for all deforma‐
tion states and that the impact of transverse rolling on the material is most apparent for the 
surface layers. It is found that the samples in all states (P, S1, S2) mostly exhibit lamellar/
elongated structures with a mixture of low‐ and high‐angle boundaries. It was also clearly 
shown that the deformation introduced into the material during RCMR does not guarantee 
the development of a refined microstructure with a high fraction of ultrafine grains with 
high‐angle boundaries. The heterogeneity character depends on the structure in the initial 
state (heat treatment conditions) as schematically shown in Figure 14. The differences in 
the grain refinement can be understood by considering the intensity of the RCMR deforma‐
tion of the sample in the cross section. For the S1 sample, the microstructural refinement is 
less pronounced in the volume of the sample, because coherent particles strongly affect the 
grain/subgrain size refinement. The lack of efficient barriers in the form of a high amount of 
dislocations leads to the comparable intensities of RCMR deformation for the cross sections 
of the P and S2 samples.




 (%) HV IACS (%)
CuCr0.6 Initial state 97 ± 4 214 ± 5 22.5 ± 1 26.0 ± 1 43 ± 4 40
Quenching +  
RCMR
363 ± 5 393 ± 9 1 ± 0.2 4.7 ± 0.5 123 ± 15 43
Aging at 500°C/2  
h + RCMR
513 ± 7 539 ± 7 1.1 ± 0.1 4.8 ± 0.6 180 ± 6.5 83
Aging at 700°C/24  
h + RCMR
324 ± 9 360 ± 5 1.2 ± 0.2 4.4 ± 0.2 132 ± 9 86
CuFe2 Initial state 148 ± 5 246 ± 4 14.2 ± 0.5 17.7 ± 0.6 60 ± 4 28
Quenching +  
RCMR
356 ± 7 361 ± 6 1.0 ± 0.5 4.7 ± 0.5 126 ± 14 22
Aging at 500°C/2  
h + RCMR
388 ± 7 393 ± 6 0.9 ± 0.3 4.0 ± 0.3 150 ± 16 41
aging at  
700°C/24h+RCMR
366 ± 7 371 ± 5 1.2 ± 0.3 7.0 ± 0.3 133 ± 9 34
Table 3. Measured mechanical parameters: yield strength (YS), ultimate tensile strength (UTS), uniform elongation (A
gt
), 
and elongation to fracture (A
c
) of deformed CuCr0.6 and CuFe2 alloys.
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5. Production of ultrafine grained structure of CuCr0.6 and CuFe2 alloys 
by COT method
Compression with oscillatory torsion (COT) is the second method patented by Silesian 
University of Technology, Faculty of Materials Engineering and Metallurgy in Poland and 
discussed in this paper. This processing technique can obtain a sub‐micrometer grain size in 
a short time of deformation. Figure 15a and b present, respectively, a schematic of the COT 
setup as well as the illustration of the deformation of the samples by the simultaneous appli‐
cation of compression and oscillatory torsion which is the basic principle of the COT method. 
The method is characterized by the heterogeneity of deformation with the most intense defor‐
mations occurring at locations that are closest to the lateral surfaces of the material resulting 
from the application of the torsional moment. The oscillating course of the flow stress σ
p
 
in the range σpmin–σpmax is caused by the cyclical variation of the torque Mt from 0 to Mtmax (Figure 15c).
These SPD techniques were adopted for grain size refinement in Cu and Al [15, 17].
Due to the complexity of the deformation process, the effective strains were calculated follow‐
ing the Huber‐Mises‐Hencky method and are given by
  ε 
f
  =  √ _____ ε 2 +   γ 2  __3 , (4)
where ε is the deformation induced by the uniaxial strain and γ is the shearing strain.
The total effective strain ε
ft
 is expressed as the sum of effective strains obtained from Eq. (4) in 
a single phase of deformation as:
  ε 
ft
  =  ∑ 
n=1
n
   ε 
fn
 , (5)
Figure 14. Scheme of microstructure refinement in RCMR processed samples.
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where n is the number of the deformation phases. The single phase comprises a torsion of the 
sample in one direction with a simultaneous decrease of the height.
The value of the total effective strain ε
ft
 can be controlled by changing the proportions of the 
following parameters: torsion frequency f in the range of 0–1.8 (Hz), compression rate v maxi‐
mal 0.66 (mm/s), torsion angle α in the range of 0 to ±8 (°), and true reduction Δh (mm). Table 4 
shows the dependence of the changes in the compression force on the initial state of alloys for 
COT deformation. For all samples, the values of the compression force are larger for S1 state.
To illustrate the heterogeneity in the mechanical properties resulting from the COT deforma‐
tion for the samples with different initial states (heat treatment), hardness distribution maps 
were created for selected samples. Figures 16 and 17 show a color‐coded hardness distribu‐
tion along the half‐longitudinal sections of the CuCr0.6 alloy sample prior to the deformation 
and after COT processing at ε
ft
 = 38, respectively. It is observed that the hardness variation 
depends on the distance from the center (Figure 17c–e). Higher hardness levels are observed 
around the 0–0.5r areas where influence of the compression process can be seen clearly. Lower 
hardness magnitudes are observed near the 0.5–1r distance from the center.
The higher hardness at a moderate distance from the center is typical for elongated structures 
with a high dislocation density. This region is quite different from the region near the surface 
with the refined equiaxed grains/subgrains. With the increase of the deformation ε
ft
 = 61, the 
homogenization of the hardness variation is not observed (Figure 18). Examination of the 
hardness distribution shows that local microareas with smaller hardness values are present 
in the processed samples. Therefore, the samples produced with COT exhibit heterogeneous 
hardness along the thickness of the samples. The increased deformation value has a moderate 
influence on the hardness distribution along the thickness of the sample. The increase of the 
deformation from ε
ft
 = 38 to 61 is not very effective for increasing the hardness. The Vickers 
hardness corresponds rather well to the microstructure evolution and the obtained results 
suggest that the Vickers hardness is affected by the dislocation structure rather than by the 
grain/subgrain sizes and boundaries misorientations. A coarse structure with a highly devel‐
oped dislocation density gives hardness values that are larger than those for a well‐defined 






Figure 15. (a) Setup of COT, (b) schematic illustration of COT, and (c) scheme of the sample.
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Figure 19 shows the example of EBSD maps of the CuCr0.6 samples deformed at ε
ft
 = 45. 
Even though the original grains were plastically deformed, the grains are not significantly 
elongated perpendicular to the compression direction. This means that the compression does 
not have a strong effect on the deformed microstructure. The original grain boundaries are 
very jagged (the grains are comprised of a partially bulged original grain boundary) and 
the deformed grains are delineated by irregular bands due to the deformation occurring on 
different slip systems. Intersections of the deformation bands give rise to elongated grains/
subgrains with mostly low‐angle boundaries with misorientation angles largely in the 2–5° 
range, indicating a high density of cell and subgrain structures (Figure 19a and b).
In other areas, the refinement microstructure became better organized and the new bound‐
aries were characterized by misorientation angles in the 5–15° range (Figure 20a). These 
microstructures involve the annihilation and rearrangement of the dislocations and were 
characterized for the P and S2 states (Figures 19a, b, e, f, and 20c). Figure 19c and d reveals 
that the density of low‐angle boundaries was significantly reduced and grains with bound‐
ary angles higher than 15° were found in the microstructure. The microstructure in state S1 
Figure 16. Distribution of measured hardness values on the longitudinal section of CuCr0.6 sample in initial (P) state 
before deformation.
Heat treatment CuFe2 CuCr0.6
 ε 
f
  = 38  ε 
f
  = 61  ε 
f
  = 38  ε 
f
  = 61 
Compression force F [kN]
P + COT 22.7 58.0 14.3 46.9
S1 + COT 33.0 60.5 39.7 61.4
S2 + COT 24.8 58.0 25.0 58.3
Table 4. Dependence of the changes in the compression force on the initial state of alloys.
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is quite heterogeneous because a number of subgrains with low misorientation angles were 
observed in addition to the ultrafine grains with high misorientation angles (Figure 20b).
COT deformation with ε
ft
 = 12 typically exhibits the problem to eliminate the low‐angle bound‐
aries and transform the microstructure into one with higher angle boundaries (Figure 21).
The obtained results were confirmed by STEM investigations for ε
ft
 = 28and 45 (Figure 22). The 
COT process produces well‐defined subgrain structures with low‐ and medium‐angle misori‐
entations that were identified based on the diffraction contrast (Figure 22a). With increasing 
strain, the structures observed in Figure 22a were comparable but additionally, a recovery 
process was observed in some microareas as shown in Figure 22b. This effect may be con‐





Figure 17. Distribution of measured hardness values on the longitudinal section (a, b) of CuCr0.6 samples after COT 
with parameters: torsion frequency f = 0.8 (Hz), compression rate v = 0.015 (mm/s), torsion angleα = ±6 (°), and height 
reduction h = 50 (%). Total effective strain ( ε 
f
  = 38 ) for different initial structures; (c) P state; (d) S1 state; (e) S2.
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that the temperature increased during the deformation and thus only an insignificant effect 
on the grain refinement is observed. The absence of small precipitates results in the effective 
loss of dislocations, which is unfavorable during the COT deformation. The lack of effective 
barriers for dislocation pinning gives rise to intensive recovery processes (Figures 19a, b and 
22a, b). For sample S1, the microshear banding contributes to the grain subdivision and the 
subgrain/grain structure dominates within the deformed bands (Figure 22c). Additionally, 
tangled dislocations are observed in the matrix. Figure 22d shows the microstructure of the 
CuCr0.6 alloy in the S1 state after the deformation at ε
ft
 = 45; it can be seen that the micro‐
structure becomes more distinct and difficult to resolve. Many of the boundaries are not well‐
defined and are curved instead of straight, indicating the presence of a high internal stress. 
This type of microstructure is attributed to the development of arrays of high‐energy non‐
equilibrium boundaries. Many dislocations are visible at both the grain boundaries and inside 
the grains. The typical microstructure for the S1 state becomes more heterogeneous than that 
of the P state (compare Figures 22c, d and a, b). With the increase of the deformation, the 
heterogeneity of the structure in the sample is still visible. This means that in this state, it is 
still more difficult for the high‐energy boundaries to transform into stable arrays. We observe 
a very fine microstructure composed of grains that are smaller than 200 nm in sample S1. 
The microstructures of samples S2 processed for ε
ft
 = 28and ε
ft
 = 45 are shown in Figures 22e 
and f, respectively. The larger grains/subgrains coexist with small grains/subgrains. There 






Figure 18. Distribution of measured hardness values on the longitudinal section (a, b) of CuCr0.6 samples after COT 
with parameters: torsion frequency f = 0.8 (Hz), compression rate v = 0.015 (mm/s), torsion angle α = ±6 (°), and height 
reduction h = 80 (%). Total effective strain ( ε 
f
  = 61 ) for different initial structures (c); P state; (d) S1 state; (e) S2 state.
Severe Plastic Deformation Techniques134
are present in other large or small grains/subgrains. The average grain size was refined to 
about ∼300–500 nm. From the literature [3–7], it is known that the microstructural evolution 
depends mainly on the strain magnitude, with a more homogeneous microstructure obtained 
with increasing strain. In our results, the differences in the microstructures are still observed 
even though the magnitude of the deformation increases. In general, it should be noted that it 





Figure 19. Orientation imaging maps ofCuCr0.6 sample showing deformed microstructures under different 
conditions: (a, b) P + COT state; (c, d) S1 + COT state; and (e, f) S2 + COT state. Deformation parameters: torsion 
frequency f = 1.6 (Hz), compression rate v = 0.04 (mm/s), torsion angle α = ±6 (°), and height reduction h = 80 (%). Total 




Figure 20. EBSD maps with different types of grain boundaries in CuCr alloys (a) P state, (b) S1 state, (c) S2 state. 
Deformation parameters: torsion frequency f = 1.6 (Hz), compression rate v = 0.04 (mm/s), torsion angle α = ±6 (°), and 
height reduction h = 80 (%). Total effective strain ( ε 
f
  = 45 ).





Figure 21. Orientation imaging map (a); and EBSD maps with different types of grain boundaries (b) for CuFe2 alloy 
after COT deformation with parameters: torsion frequency f = 1.6 (Hz), compression rate v = 0.1(mm/s), torsion angle α 

















Figure 22. STEM microstructures for CuCr0.6 alloy after COT deformation with parameters: (a) P state, ε
ft
 = 28, (b) P 
state, ε
ft
 = 45, (c) S1 state, ε
ft
 = 28, (d) S1 state, ε
ft
 = 45, (e) S1 state, ε
ft
 = 28, (f) S1 state, ε
ft
 = 45.
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For the S1 state, COT processing hinders the deformation processes for both CuCr0.6 and CuFe2 
alloys. For example, this can be clearly seen for ε
ft
 = 28 where coherent precipitates reduce the 
number of operating slip systems (Figure 23a and b). The much more equiaxed structures (S2 
state) visible in Figure 23c and d are due to the occurrence of different slip systems.
The example distribution of the grain/subgrain diameter values for the CuCr0.6 alloy (P and 
S1 state) for ε
ft
 = 45 is shown in Figure 24.
It is important to note that based on SEM and STEM observations, the grain boundaries 
obtained during COT deformation are in the nonequilibrium state. It has been argued that 
such boundaries provide a large number of excess dislocations for the slip systems and can 
enable the grains to rotate at room temperature, leading to a significant increase in the strain 
hardening and ductility. The results of mechanical properties for CuCr0.6 and CuFe2 alloys 
are shown in Figure 25 and in Table 5.
Several articles recently reported UFG materials maintaining both a high strength and an ade‐
quate ductility [6–9]. An especially high strength and good ductility in ultrafine‐grained materials 
produced by the COT deformation were obtained for the S1 state. The fine precipitates interacted 
with the dislocations and exhibited a strong pinning effect on the dislocation movement, leading 
a) b))
c) d)
Figure 23. Dark field images obtained from STEM investigations for CuFe2 alloys after COT deformation with ε
ft
 = 28: 
(a, b) S1 state, (c, d) S2 state.
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to high yield strength (YS) and ultimate tensile strength (UTS) values. For the S2 state, the pre‐
cipitates coarsened remarkably to an average size of 100 nm with a larger interparticle spacing. 
The coalescence of the precipitates accompanied by an enhanced recovery process resulted in 
a significant flow stress decrease. It is important to note that SPD processing leads to a reduc‐
tion in the ductility that is generally smaller than those for the more conventional deformation 
processing techniques such as rolling, drawing, and extrusion. The low ductility is caused by the 
low strain‐hardening rate, giving rise to early localized deformation in the form of necking. The 
availability of a bimodal (a mixture of two or multiphases with varying scales and properties) 
grain size distribution leads to a considerable increase in the ductility. We note that based on the 
obtained results, a significant degradation in the ductility of the specimens is typical for COT. 
The YS and UTS values are for the two alloys, comparable when are taken into account the heat 
average diameter ~0.52 µm
average diameter ~0.39 µm
a)
b)
Figure 24. Grain/subgrain size distribution for CuCr0.6 alloy after COT deformation for ε
ft
 = 45: (a) P state, (b) S1 state.
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treatment processes (maximal value of YS and UTS for S1 state), implying that a high content of 
Cr and Fe solute atoms in the Cu matrix of the deformed sample reduces the dislocation mobil‐
ity and retards the dynamic recovery at a level comparable to that of the noncoherent but small 
particles observed for the S2 state. The pinning of the dislocation by these precipitates is much 
weaker but it does effectively influence the pinning of the grain/subgrain boundaries.
Figure 25. Engineering strain versus engineering stress for CuCr0.6 alloys after application of different magnitudes of 
total effective strain. a) e
ft
 = 12 and b) e
ft
 = 45.




The results obtained for the CuFe and CuCr alloys deformed through RCMR and COT indi‐
cated the possibility of obtaining materials with the UFG structure and high mechanical 
properties. During the RCMR and COT deformations, the microstructure was significantly 
refined but was heterogeneous after the application of a high total effective strain. Initially, 
the first process of deformation (lower value of total effective strain) dominates the develop‐
ment of deformation‐induced boundaries that occur heterogeneously in the volume accord‐
ing to the net strain gradient. The measured grain/subgrain sizes are in the 200–500 nm 
range, with a mixture of low‐ and high‐angle boundaries. In contrast to the commonly found 
statements in the literature, subsequent deformations (increased total effective strain) do 
not induce an increase of the grain misorientation and a decrease in the grain/subgrain size. 
Continuous heterogeneity in the microstructure increases in both alloys as a result of the 
cyclical character of these processes. Cyclic character of these methods promotes dynamic 
recovery, involving the decrease of dislocation density in the interior of grains/subgrains 
and in grain/subgrain boundaries.
The initial structure (heat treatment process) of the alloy influences the RCMR and COT 
deformations. The best combination of mechanical properties was obtained for the material 
deformed in the S1 state. The Fe and Cr precipitates in the S1 state that is responsible for 
the peak‐aged strength of CuFe and CuCr alloys are expected to pin the dislocations. While 
the noncoherent particles in the S2 state are still capable of effectively pinning the grain 




 (%) HV IACS (%)
CuCr0.6 Initial state 97 ± 4 214 ± 5 22.5 ± 1 26.0 ± 1 43 ± 4 40
Quenching + 
COT
336 ± 6 342 ± 6 1 ± 0.2 8 ± 0.8 123 ± 15 40
Aging at 
500°C/2 h + 
COT
464 ± 11 491 ± 3 1.8 ± 0.1 4.3 ± 0.3 180 ± 6.5 85
Aging at 
700°C/24 h + 
COT
343 ± 8 360 ± 7 1.7 ± 0.5 8.8 ± 1.5 132 ± 9 86
CuFe2 Initial state 148 ± 5 246 ± 4 14.2 ± 0.5 17.7 ± 0.6 60 ± 5 28
Quenching + 
RCMR
329 ± 31 340 ± 34 1.8 ± 0.4 7.8 ± 1.6 126 ± 17 26
Aging at 
500°C/2 h + 
COT
378 ± 18 387 ± 17 1.6 ± 0.3 8 ± 1.4 150 ± 15 48
Aging at 
700°C/24 h + 
COT
309 ± 10 331 ± 17 2.6 ± 0.8 9.5 ± 1.8 133 ± 9 34
Table 5. Measured mechanical parameters: yield strength (YS), ultimate tensile strength (UTS), uniform elongation (A
gt
), 
and elongation to fracture (A
c
) of deformed CuCr0.6 and CuFe2 alloys using COT for ε
ft
 = 45.
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boundaries and prevent further coarsening, they are not as effective as the precipitates in 
the S1 state. The deformation sample in the P state shows hardening that is comparable to 
that of the S2 state and the deformation of the P samples results in a structure recovery.
The present investigation confirms that the cyclic deformation (RCMR and COT method) 
plays a significant role in the structure evolution. Especially, these processes decrease the 
rate of high angle boundaries (HABs) formation at the stages of large strain accumulation. 
Moreover, RCMR and COT deformations increase in the structure in homogeneity with 
increasing strain. Additionally, cyclic deformation processes did not affect, significantly, the 
effective grain refinement with increasing strain.
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